Inositol monophosphatase (EC 3.1.3.25) plays a pivotal role in the biosynthesis of di-myo-inositol-1,1-phosphate, an osmolyte found in hyperthermophilic archaea. Given the sequence homology between the MJ109 gene product of Methanococcus jannaschii and human inositol monophosphatase, the MJ109 gene was cloned and expressed in Escherichia coli and examined for inositol monophosphatase activity. The purified MJ109 gene product showed inositol monophosphatase activity with kinetic parameters (K m ‫؍‬ 0.091 ؎ 0.016 mM; V max ‫؍‬ 9.3 ؎ 0.45 mol of P i min ؊1 mg of protein ؊1 ) comparable to those of mammalian and E. coli enzymes. Its substrate specificity, Mg 2؉ requirement, Li ؉ inhibition, subunit association (dimerization), and heat stability were studied and compared to those of other inositol monophosphatases. The lack of inhibition by low concentrations of Li ؉ and high concentrations of Mg 2؉ and the high rates of hydrolysis of glucose-1-phosphate and p-nitrophenylphosphate are the most pronounced differences between the archaeal inositol monophosphatase and those from other sources. The possible causes of these kinetic differences are discussed, based on the active site sequence alignment between M. jannaschii and human inositol monophosphatase and the crystal structure of the mammalian enzyme.
The sole pathway for myo-inositol biosynthesis is the cyclization of glucose-6-phosphate to inositol-1-phosphate (I-1-P) by I-1-P synthase (EC 5.5.1.4) and the dephosphorylation of I-1-P by inositol monophosphatase (I-1-Pase; EC 3.1.3.25) (7-9, 12, 16, 24) . This de novo pathway provides the ultimate source of free inositol for the cell. It is also a key enzyme involved in second-message signal transduction processes in mammalian and plant cells (2, 24, 28, 37) . In phosphoinositide signaling (2, 37) , I-1-Pase recycles the water-soluble phospholipase C phospholipid degradation products, inositol phosphates, to myoinositol and helps to maintain a moderate inositol pool. Its inhibition by millimolar concentrations of lithium (19) has made it a putative target of lithium therapy for manic depression (34) .
Di-myo-inositol-1,1Ј-phosphate (DIP), a novel inositol phosphate compound found in hyperthermophilic archaea, including Pyrococcus woesei (43) , Pyrococcus furiosus (41) , Methanococcus igneus (11) , and Thermotoga maritima (36) , is used for osmotic balance at high growth temperatures. In order to understand what regulates its accumulation in cells, the DIP biosynthetic pathway must be well characterized in vitro. Based on 13 C-labeling studies and assays of crude protein extracts from M. igneus (10) , a pathway was proposed that converts glucose-6-phosphate to I-1-P (step 1), hydrolyzes some of the I-1-P to myo-inositol (step 2), and activates I-1-P to CDPinositol (CDP-I) (step 3) for a final reaction (step 4) whereby CDP-I is coupled to myo-inositol, generating DIP and CMP (Fig. 1) . Activities for I-1-P synthase, I-1-Pase, and DIP synthase in the DIP biosynthetic pathway have been detected in crude protein extracts of M. igneus (10) . Phosphatase activities are ubiquitous in cells, and the observed activity in M. igneus could be due to a specific I-1-Pase activity or a nonspecific phosphatase. For mammalian and plant cells, I-1-Pases are all lithium sensitive and are inhibited at millimolar concentrations of Li ϩ (14, 15, 19, 30, 42) . The partially purified phosphatase in M. igneus exhibited substrate specificity for DL-I-1-P over other sugar phosphates (10) . It had an absolute requirement for Mg 2ϩ , a characteristic of all specific I-1-Pases studied thus far, and was also partially inhibited by Li ϩ , though at a much higher concentration (160 mM for 50% activity inhibition) than reported for I-1-Pases from other cells. While this was suggestive of a specific I-1-Pase, the same protein fractions demonstrated considerable activity toward p-nitrophenylphosphate (pNPP), a very poor substrate for mammalian enzymes (1, 14) . These preliminary characterizations of phosphatase activity suggested that archaeal I-1-Pases might be different from mammalian and plant enzymes.
Methanococcus jannaschii was the first archaeon whose complete genomic sequence was determined (6) . Of all the archaea with sequenced genomes, it is the closest to M. igneus. MJ109 encodes a 252-amino-acid protein that is highly homologous to both I-1-Pase and extragenic suppressor (the suhB gene product) (6) . The latter gene product cloned in E. coli also has I-1-Pase activity (29) . The putative identification of the MJ109 gene product as an I-1-Pase prompted us to express the gene product in E. coli and to examine its specific activity toward a variety of phosphate esters. The protein produced in this fashion clearly has I-1-Pase activity and shows several striking differences from plant and mammalian I-1-Pase activities.
MATERIALS AND METHODS
Chemicals. DL-I-1-P, D-I-1-P, inositol-2-phosphate, 2Ј-AMP, 5Ј-AMP, pNPP, ␤-glycerophosphate, ␣-D-glucose-1-phosphate, glucose-6-phosphate, fructose-1-phosphate, sodium dodecyl sulfate (SDS)-polyacrylamide gel molecular mass markers, gel filtration molecular mass markers, Sephadex G-150, and Coomassie brilliant blue 250 were obtained from Sigma. The Q-Sepharose fast flow and phenyl-Sepharose were obtained from Pharmacia. Restriction enzymes were obtained from New England Biolabs. The ligation kit and E. coli strains were purchased from Novagene. The PCR kit was obtained from Perkin-Elmer.
Assay of I-1-Pase. Enzyme activity was measured by colorimetric determination of released inorganic phosphate (P i ) (20) . For elution profiles in column chromatography, the reaction mixture contained 1 l of 10 mM I-1-P (in 50 mM Tris buffer, pH 8.0), 1 l of 40 mM MgCl 2 (in 50 mM Tris buffer, pH 8.0), and 2 l of diluted protein (0.4 to 0.5 g/l). For other assays, the total volume of the reaction mixture was increased to 16 l to reduce pipetting errors. For the V max and K m determinations, the sensitivity range of the colorimetric P i assay and the lower substrate concentrations needed in the assay required increasing the total assay volumes to 0.5 ml. After incubation at 85 or 100°C (as specified in each experiment) for ϳ1 min, the mixtures were quickly chilled on ice. All the substrates were quite stable for at least 5 min at 100°C, as evidenced by the lack of P i in controls without the enzyme added (data not shown). The liberated P i was measured by colorimetric phosphate assay with ammonium molybdate malachite green reagents (20) . The absorbance at 660 nm of the enzyme sample compared to those of standard P i concentrations was used to calculate P i production in micromoles per minute. Specific activity was estimated by normalizing to the protein concentration determined by the Lowry method, which was consistent with the UV absorption and the relative band intensity on the SDS-polyacrylamide gel. For crude cell extracts, bovine serum albumin (Bio-Rad) was used as the standard.
Subcloning the I-1-Pase gene in M. jannaschii. The pUC18 plasmids harboring AMJER84, a 2,173-bp genomic fragment containing the MJ109 gene in the middle at a unique SmaI site, were obtained from the American Type Culture Collection and linearized by BamHI. The coding region of the I-1-Pase gene (MJ109) was reconstructed to contain a NdeI site at the start codon and a HindIII site right after the stop codon by standard PCR methodology (39) . Two oligonucleotide primers, 5Ј-GCATAGGATGAGCATATGAAATGGGATGA AATTGG-3Ј and 5Ј-GTATCTAAAAATATTTAAGCTTATAAGAGGTCTA AA-3Ј, were obtained from Operon. The 25-cycle PCR product was cut with NdeI and HindIII and ligated to NdeI-HindIII-digested pET23a(ϩ) (Novagene). The ligation products were transformed into Novablue competent cells (Novagene). Recombinant clones were identified by detailed restriction mapping. The DNA sequences of these clones were confirmed by double-stranded DNA sequencing with the Amersham Life Science thermosequence 33 P kit. For the expression of the protein, the recombinant vectors were transformed into BL21(DE3)PLysS cells (Novagene).
Overexpression of the MJ109 gene in E. coli. A single colony of BL21(DE3)PLysS cells containing the recombinant MJ109-pET23a(ϩ) plasmid was grown in 5 ml of Luria-Bertani medium with 100 mg of ampicillin/ml and 34 mg of chloramphenicol/ml until the optical density at 660 nm reached ϳ0.6. Four milliliters of culture cell pellets was used to inoculate 2 liters of fresh LuriaBertani medium containing 100 g of ampicillin/ml and 34 g of chloramphenicol/ml. These cultures were grown to an A 660 of ϳ0.6 by rapid shaking at 37°C. Production of recombinant protein in the cultures was induced by the addition of 100 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at a final concentration of 0.4 mM and continued growth for another 4 h (after which the A 660 was ϳ1.3). The cells were harvested by centrifugation and stored at Ϫ70°C until needed. The time course for expression of protein was monitored by SDS-polyacrylamide gel electrophoresis (PAGE) (a band corresponding to 28 kDa). Dialyzed cell extract had high I-1-Pase activity, whereas the BL21(DE3)/pET23a(ϩ) cell extract, used as a control, did not have the corresponding band on SDS-PAGE and had no detectable I-1-Pase activity (data not shown).
Purification of I-1-Pase. Frozen cells (ϳ8.7 g from 4 liters of culture) were thawed and resuspended in 50 ml of buffer A (20 mM Tris-HCl [pH 8.0], 1.0 mM EDTA) and incubated at room temperature for 30 min. The cells were broken by sonication for 10 cycles of 30 s on ice, and the supernatant was separated from cell debris by centrifugation (12,400 ϫ g for 30 min). The supernatants were dialyzed twice against 2 liters of buffer A. The dialyzed crude extracts were then heated at 85°C for 30 min. The precipitated material was removed by centrifugation, and the supernatant was loaded onto a 2.5-by 12-cm Q-Sepharose fast flow column and eluted with a linear gradient of 0 to 0.5 M KCl in buffer A (total, 400 ml). The I-1-Pase was detected by activity, and the purity of each fraction was monitored by SDS-PAGE (22) . Fractions (85 to 90% pure) were pooled (total volume, about 32 ml), and aliquots of 5 M NaCl were added to reach a final salt concentration of about 0.5 M. Eight milliliters of this sample was loaded onto a 1.0-by 12-cm phenyl-Sepharose column preequilibrated with buffer B (0.5 M NaCl in 20 mM Tris buffer, 1 mM EDTA, pH 8.0). The column was then washed with the same buffer and eluted with a linear gradient of buffer B and pure water (total volume, ϳ200 ml).
Gel filtration. A column (1.6 by 70 cm) of Sephadex G-150 was equilibrated with buffer A and was used to determine the native molecular mass of pure M. jannaschii I-1-Pase. The void volume was determined with blue dextran, and the column was standardized with ␤-amylase (200 kDa), alcohol dehydrogenase (150 kDa), albumin (66 kDa), carbonic anhydrase (29 kDa), and cytochrome c (12.4 kDa). Samples (0.5 ml of 2 to 3 A 280 U/ml) were applied to the column and eluted at a flow rate of 0.2 ml/min. Fractions of 2 ml each were collected and assayed for I-1-Pase activity.
RESULTS

Purification of M. jannaschii I-1-Pase.
The purification scheme outlined in Materials and Methods yielded ϳ20 mg of pure M. jannaschii I-1-Pase. The protein was characterized by a single band on an SDS-polyacrylamide gel with a subunit mass of ϳ28 kDa, in agreement with the 27.7 kDa predicted from the DNA sequence (Fig. 2) . The overexpressed protein was obtained with an overall 4.3-fold purification and 45% yield. This is consistent with the observation that I-1-Pase is the major band in the crude extracts and represents 20 to 25% of the protein, as estimated from intensities on the SDS-polyacrylamide gel. Activities and yields for each step of the purification are summarized in Table 1 . An extinction coefficient, ε 280 ϭ 29,900 M Ϫ1 cm Ϫ1 (A 0.1% ϭ 1.08), was determined on the basis of a Lowry assay (26) of the protein concentration. According to the peptide sequence, M. jannaschii I-1-Pase contains 2 tryptophans, 13 tyrosines, and 3 cysteines per subunit. The calculated (27) extinction coefficient, ε 280 ϭ 30,700, is in excellent agreement with the experimental value. Gel filtration on Sephadex G-150 showed the native I-1-Pase molecular mass to be ϳ55 kDa. Thus, M. jannaschii I-1-Pase, like all the other I-1-Pases studied thus far, is a dimer (1, 15, 29) .
Kinetic characterization of the M. jannaschii I-1-Pase. The methanogen I-1-Pase, similar to all other I-1-Pase enzymes known, has an absolute requirement for Mg 2ϩ for activity. At least 10 mM Mg 2ϩ is needed for optimal activity (Fig. 3 ). This amount of Mg 2ϩ is higher than that needed by the mammalian enzyme (1 to 3 mM) but comparable to that for the E. coli FIG. 1. Proposed DIP biosynthetic pathway. Glucose-6-phosphate is converted to I-1-P (step 1), some of which is hydrolyzed to myo-inositol (step 2), and I-1-P is activated to CDP-I (step 3) for a final reaction in which CDP-I is coupled to myo-inositol (step 4), generating DIP and CMP. In the presence of 10 mM Mg 2ϩ , the I-1-Pase from M. jannaschii displayed a hyperbolic dependence of specific activity on substrate concentration, with V max determined to be 9.3 Ϯ 0.45 mol of P i min Ϫ1 mg of protein Ϫ1 and a K m of 0.091 Ϯ 0.016 mM at 85°C. These values are similar to the values reported for mammalian I-1-Pase (notably bovine [15] and human recombinant [30] enzymes) and the E. coli (29) enzyme (Table 2) . Thus, under standard assay conditions (2.5 mM I-1-P) the enzyme is saturated.
Substrate specificity. While both mammalian and plant I-1-Pase enzymes have broad substrate specificities (1, 25, 42) , the M. jannaschii I-1-Pase can hydrolyze an even broader range of substrates. A variety of phosphorylated compounds were tested as substrates for M. jannaschii I-1-Pase, and the results are presented in Table 3 . The enzyme had essentially the same activity toward D-myo-I-1-P as it had toward DL-myo-I-1-P (the mixture of D and L isomers). Therefore, M. jannaschii I-1-Pase does not discriminate between D and L isomers. Similarly, the mammalian (29) and E. coli (33) enzymes cannot discriminate between D and L isomers. However, it has been reported that the pollen enzyme shows some preference, since it hydrolyzed the D isomer at 80 to 90% of the rate of the L isomer (25) . Inositol-2-phosphate was hydrolyzed by the methanogen I-1-Pase, but at a much lower rate than for I-1-P hydrolysis. Both ␤-glycerol phosphate and 2Ј-AMP were also good substrates for this enzyme, similar to what is observed for the mammalian and plant I-1-Pases. However, there were three major differences between the methanogen and mammalian enzymes. (i) 2Ј-AMP was hydrolyzed much faster than I-1-P; the ratio of 2Ј-AMP activity to I-1-P activity was about 4 to 5 times higher than the highest reported values of 157% (1) for the bovine enzyme and 122% (38) for the chick erythrocyte enzyme. (ii) pNPP, a poor substrate for the mammalian enzymes, with ϳ2.6% of the activity they show toward I-1-P (1), was a very good substrate for M. jannaschii I-1-Pase. Although there were some early reports that the yeast enzymes were ϳ20% more active toward pNPP than toward I-1-P (13), this activity toward pNPP decreased to 13% of the activity toward I-1-P after one chromatography step (8) . Since those results were based on assays with only partially purified enzymes, the possibility of nonspecific phosphatase activity could not be excluded. For the M. jannaschii I-1-Pase, pNPP was clearly a good substrate (the enzyme exhibits ϳ20% more activity toward pNPP than toward I-1-P). pNPP was also a good substrate for the partially purified I-1-P phosphatase of M. igneus (10) . (iii) Glucose-1-phosphate, which has never been observed to be a good substrate for the other pure I-1-Pases, was significantly hydrolyzed at 68% of the rate of I-1-P by the M. jannaschii I-1-Pase. For [23] , human [30] , and E. coli [29] I-1-Pases, respectively). However, no inhibition was detected when the M. jannaschii enzyme was incubated with 100 mM Li ϩ . Instead, I-1-Pase activity was slightly enhanced (the 110% activation at this Li ϩ concentration is outside the 3 to 5% errors in assay values [ Fig. 4 
]). Inhibition by Li
ϩ occurred at concentrations much higher than those for mammalian enzymes: 250 mM Li ϩ inhibited about 62% of M. jannaschii enzyme activity, and 1 M Li ϩ was needed to inhibit 90% of enzyme activity. This is again extremely similar to what was observed with the partially purified M. igneus phosphatase, which needed 250 mM LiCl to inhibit about 50% of activity (10) . To determine if the Li ϩ effect on M. jannaschii I-1-Pase was specific or nonspecific, LiCl was replaced by NaCl and KCl. The results show that, compared to Na ϩ and K ϩ , Li ϩ is the strongest inhibitor of M.
jannaschii I-1-Pase, although it is much less potent than for mammalian and plant enzymes. The only other I-1-Pase reported to require relatively high Li ϩ concentrations for inhibition is the yeast enzyme (32) . It exhibited ϳ70% residual activity at 50 mM Li ϩ and 10% activity at 200 mM Li ϩ . In that study, the authors attributed the poor inhibition by Li ϩ to the fact that the assays were done with a crude protein extract; they suggested that several monophosphatases with different sensitivities to lithium might be present. However, for the M. jannaschii I-1-Pase, a single activity with only moderate Li ϩ sensitivity is observed.
Heat stability. Most plant and mammalian I-1-Pase enzymes, although they have maximum activity at ϳ37°C, are very heat stable and can survive long incubation periods at 60 to 70°C (18, 31) . This observation led to a critical step in the purification to homogeneity of both recombinant (30) and nonrecombinant (31) mammalian I-1-Pase. M. jannaschii is an extreme thermophile, with an optimum growth temperature of 85°C; hence, the I-1-Pase from this organism is expected to have unusual heat stability. After incubation at 85°C for 30 min, more than 95% of I-1-Pase activity remained. This was a key observation for the purification of the recombinant protein, since it facilitated the removal of the majority of E. coli host cell proteins. Heating at 100°C for 20 min caused a loss of about 30 to 40% of activity; 30 min at that temperature inactivated about 70% of activity (Fig. 5A) . With shorter incubation times (ϳ60 s), the protein can be assayed at 100°C, where it has higher activity than at 85°C. An Arrhenius analysis of I-1-Pase V max between 25 and 100°C yields an estimated activation energy of ϳ54 kJ/mol (Fig. 5B) . On the other end of the temperature scale, no I-1-Pase activity was lost after storage at 4°C for 1 month.
In the process of cloning the M. jannaschii I-1-Pase, a mutant with three single-amino-acid mutations (D4E, R168K, and L249F) far away from the active site was generated by PCR errors. The specific activity of this mutant was almost the same as that of the wild type. However, both the solubility and heat stability of the mutant I-1-Pase were less than those of the wild type. Most of the mutant protein was packed in inclusion bodies after IPTG induction; only about 20 to 30% of the recombinant activity was soluble. The heat treatment step was also affected by these mutations: incubation at 85°C for 30 min caused a loss of 20% of activity; incubation at 100°C for 10 min caused a loss of 50% of activity.
DISCUSSION
The MJ109 gene product is the first archaeal I-1-Pase to be cloned and studied. Its substrate specificity, Mg 2ϩ requirement, subunit association (dimer), V max , K m for I-1-P, and specific activity are very similar to those of the mammalian enzymes. However, the lack of inhibition by low concentrations of Li ϩ and high concentrations of Mg 2ϩ make it unique in this family of enzymes. The properties of this I-1-Pase from M. jannaschii parallel those detected for partially purified I-1-Pase from M. igneus, an organism where I-1-Pase plays a key role in biosynthesis of the osmolyte DIP (10). I-1-Pase is a highly conserved enzyme, and diverse proteins have been noted to be homologous to it. The bovine I-1-Pase has sequence homologies to the products of the Neurospora crassa qa-x gene (Qa-X), the Aspergillus nidulans qutG gene (QutG), and the E. coli suhB (SuhB) and amtA genes (AmtA). The MJ109 gene product was putatively identified as an extragenic suppressor in the M. jannaschii genome database (6) due to its sequence homology to SuhB. The extragenic suppressor suhB gene was first identified as the locus for the ssyA3(Cs) mutation that was isolated as a extragenic suppressor for the secY24(Ts) mutant of E. coli. The secY gene in E. coli is involved in protein secretion. The secY24 mutant, with a single base change in secY produces an altered SecY protein and is defective in secretion of envelope proteins across the cytoplasmic membrane at a higher temperature (42°C). The mutant accumulates precursors of envelope proteins. Mutant alleles of the suhB gene (designated ssyA3) were isolated as extragenic suppressors for the secY24 mutant. This gene product restores the defect in protein secretion caused by the secY24 mutation, rescues the temperature-sensitive cell growth of secY24 mutant cells, and causes cold-sensitive cell growth (cells form normal colonies at 42°C, small colonies at 37°C, and no colonies at 30°C). While it is not clear if the MJ109 gene product in M. jannaschii really can act as an extragenic suppressor in this organism, it clearly functions as an I-1-Pase, with properties similar to the activity observed in M. igneus.
The sequence alignment of MJ109 with human I-1-Pase displayed a 28.7% identity in a 178-amino-acid overlap (Fig. 6) . Many of the identical or similar amino acid residues are at the active sites, as determined from the crystal structure of the human enzyme (3) (4) (5) . Presumably, these residues play a similar role in the structure and catalytic mechanism of the methanogen enzymes. The active site of the human enzyme, based on the X-ray crystallography data, includes the inositol binding site and two catalytic metal binding sites. Residues by D93, A196, E213, S165, and D220 form the inositol binding site for the human enzyme. From the sequence alignment (Fig. 6) , the M. jannaschii enzyme has residues D84, F175, D192, S154, and D201 at these positions. Three residues whose side chains form hydrogen bonds with the hydroxyl groups of the inositol ring include D93, E213, and D220. Clearly, in the M. jannaschii enzyme, D84, D192, and D201 could have these functions. A196 of human I-1-Pase uses its main chain amide group to form a hydrogen bond with the substrate. Hence, the substitution of F175 in the M. jannaschii I-1-Pase should not have much effect on the substrate binding. This comparison of the sequences might suggest that there are similar substrate specificities in human and M. jannaschii I-1-Pases. The interaction of S165 with the inositol ring is supposed to occur in the transition state, and mutation of it to alanine or isoleucine lowers the catalytic rate constant, k cat , ϳ5-fold (4). In M. jannaschii I-1-Pase this residue was conserved. However, due to the A3F and E3D exchange, the local structure will be affected and could lead to some altered substrate specificities. These changes could facilitate enhanced hydrolysis of 2Ј-AMP, pNPP, and glucose-1-phosphate by the M. jannaschii I-1-Pase.
The first metal binding site, with octahedral coordination geometry, in the human enzyme is formed by E70, D90, I92, and T95. The metal binding ligands are provided by active site residues and the solvent water molecules. The proposed catalytic mechanism has Mg 2ϩ binding to this site and activating the ligand water molecule for a nucleophilic attack on the phosphoester bond. The I-1-Pase from M. jannaschii has N59, D81, I83, and S68 that could form this site. If the same metal site is conserved, then there must be some variations in the site because N59 cannot play the same role as E70 does in the human I-1-Pase. In E70, the OE2 atom was supposed to act as one ligand to the catalytic Mg . Mutagenesis of this residue in the human enzyme showed a 400-fold drop in k cat for E70N (35) .
The second metal binding site of the human enzyme, with tetrahedral coordination geometry, contains residues D90, D93, and D220 and one oxygen of phosphate. Magnesium binding to the second metal binding site is supposed to coor- dinate the ester oxygen and stabilize the developing negative charge as the phosphate ester is cleaved. This site may also be responsible for the noncompetitive inhibition by Li ϩ and high concentrations of Mg 2ϩ (40) . After phosphate ester hydrolysis, this second Mg 2ϩ must dissociate to allow inorganic phosphate to leave the active site. Therefore, a high concentration of magnesium will prevent the phosphate from diffusing away from the active site. Li ϩ competes with Mg 2ϩ for this site, forming an enzyme-Mg 2ϩ -phosphate-Li ϩ complex (23, 34) , which will trap the enzyme in that state and stop the turnover process. The M. jannaschii enzyme has D81, D84, and D201 in alignment with D90, D93, and D220 of the human enzyme, suggesting that this site may also be conserved. However the inhibition behavior of Li ϩ and Mg 2ϩ is totally different for the archaeal enzyme. Residues close to the active site could also affect the active site structure. Mutagenesis studies of the mammalian enzyme (17) suggested that C218 and H217, which are close to D220, are also key residues for Li ϩ and highconcentration Mg 2ϩ inhibition. The 50% inhibition concentration for Mg 2ϩ increased 10-fold for the H217Q enzyme, with no inhibition at all for C218A up to 400 mM Mg 2ϩ . The K i for Li ϩ increased 32-and 11.5-fold for the H217Q and C218A enzymes, respectively. Interestingly, the sequence alignment showed that M. jannaschii I-1-Pase has A199 in the position occupied by C218, and R198 replaces H217. This may contribute partially to the noninhibitory behavior of Li ϩ and highconcentration Mg 2ϩ . The function of the third metal binding site (5) formed by the E70 side chain oxygen (OE1) and three water molecules is not as well established as the first and second sites (40) . Although ruled out as the catalytic metal binding site, metal at this site could also be involved in the inhibition of I-1-Pase at high concentrations of activating metal, based on the observation that the proposed metal bond water nucleophile is displaced by the third metal binding at this site (5) . Given the difference in the archaeal I-1-Pase sequence and its altered kinetic behavior, a comparison of the structure of the archaeal I-1-Pase with that of the mammalian enzyme should eventually shed light on details of catalysis of both systems.
